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1
METHODS FOR SCAVENGING NITRIC
OXIDE USING CERIUM OXIDE
NANOPARTICLES

STATEMENT OF GOVERNMENT RIGHTS

This invention was made with Government support under
agency contract/grant no. ROIAG031529 awarded by the
National Institutes of Health and under CBET0708172
awarded by the National Science Foundation. The Govern-
ment has certain rights in this invention.

FIELD OF THE INVENTION

The present invention relates to cerium oxide nanopar-
ticles, and more particularly to devices and compositions
comprising cerium oxide nanoparticles having a lower
3+/4+ ratio for scavenging nitric oxide molecules, and to
methods for their use.

BACKGROUND OF THE INVENTION

As known by those having ordinary skill in the art,
chemically, most of the rare earth (RE) elements (atomic
numbers 57 through 71) are trivalent. Cerium alone is
known to form compounds with a valence of +4, such as
CeO, (ceria). Cerium is believed to be a unique material
with regard to the mixed valence states provided, both +3
and +4. Cerium of valence +3 is generally referred to as
cerous, while with valence +4 is generally referred to as
ceric. Cerium oxide includes both ceric oxide and cerous
oxide. Cerous oxide is also known as Cerium III oxide and
has the formula Ce,O;. Ceric oxide is known as ceria,
cerium dioxide and cerium IV oxide and has the chemical
formula CeO,.

Cerium oxide has been used as a catalyst in industrial
applications because of its potent redox-active properties,
including as a catalyst, to remove carbon monoxide, hydro-
carbons and nitric oxide species (NO,) from exhaust gas.>
s Nitric oxide is formed, for example, when the nitrogen
present in atmospheric air is subjected to high temperatures,
such as those normally found in conventional combustion
and incineration processes. In addition, nitric oxide is well-
known to be formed during wastewater treatment, such as
with the use of bacteria, such as Nitrosomonas, which are
widely used to eliminate nitrogenous compounds from
wastewater. A number of other processes produce nitric
oxide at measurable levels, such as certain etching and
welding processes. Nitric oxide is rapidly oxidized in air to
nitrogen dioxide, which is a major pollutant; therefore,
improved methods for its removal and detection are desired.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A-1C show that cerium oxide nanoparticles (CeO,
NPs) with low 3+/4+ ratio scavenge *NO. Represented in all
graphs: closed circles=25 pg/ml. Hb alone; open circles=25
png/mL Hb+200 uM SNAP. (A) CeO, NPs with high 3+/4+
ratio. (B) CeO, NPs with low 3+/4+ ratio. (C) DEPMPO
addition. CeO, NPs or DEPMPO were added at the concen-
trations indicated. Graph is representative of 3 or more
experiments.

FIG. 2 confirms the scavenging of *NO by CeO, NPs
using alternate fluorescence emission. Fluorescence emis-
sion was monitored at 530 nm upon excitation at 503 nm.
Represented in all graphs; closed circles=100 pM DEA/NO.
(A) CeO, NPs with high 3+/4+ ratio. (B) CeO, NPs with low
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3+/4+ ratio. (C) GSH addition. (D) SiO, NPs addition. CeO,
NPs, GSH or SiO, NPs were added at concentrations indi-
cated. Graph is representative of 3 or more experiments.

FIG. 3 shows CeO, NPs with a high level of surface
oxygen vacancies can convert to *NO scavenging catalyst
upon incubation with phosphate. (A) CeO, NPs were incu-
bated in 200 mM sodium phosphate buffer at RT (room
temp) for 24 h. Solid line represents CeO, NPs with higher
levels of oxygen vacancies at their surface and dotted line
represents sample incubated in phosphate. (B) *NO scav-
enging by CeO, NPs after incubation in phosphate. Closed
circles=25 mg/ml. Hb (Hemoglobin) alone; open circles=25
mg/mlL. Hb+200 uM SNAP; closed triangles=25 mg/mL
Hb+200 uMSNAP+200 uM CeO, high Ce3+/PO,. Graph is
representative of 3 or more experiments.

FIGS. 4A-C show the effective scavenging of *NO by
CeO, nanoparticles lacking surface oxygen vacancies. The
concentration of *NO in the presence or absence of CeO,
nanoaparticles was quantified using the extinction coeffi-
cient for reaction with ferrous Hb (2). Data are derived from
experimental data shown in FIG. 1. Represented in all
graphs: closed circles=25 mg/ml. Hb alone; open circles=25
mg/mL Hb+200 uM SNAP. A) CeO, NPs with high 3+/4+
ratio. B) CeO, NPs with low 3+/4+ ratio. C) DEPMPO
addition. CeO, NPs or DEPMPO were added at the concen-
trations indicated. Graph is representative of 3 or more
experiments.

FIG. 5 shows the effective scavenging of *NO by CeO,
NPs with high level of surface oxygen vacancies upon
incubation with phosphate. Concentration of *NO in the
presence or absence of CeO, NPs was quantified as
described in Supplementary FIG. 6. Closed circles=25
mg/ml. Hb alone; open circles=25 mg/ml. Hb+200 puM
SNAP; closed triangles=25 mg/m[. Hb+200 pM SNAP +200
uM CeQ, high Ce**/PO,. Graph is representative of 3 or
more experiments.

FIGS. 6A-C are a comparison of CeO, NPs 3+ and 4+. A:
HR-TEM image of CeO, NP higher 3+ B: HR-TEM image
CeO, NPs higher 4+ C: UV-vis spectroscopy.

DETAILED DESCRIPTION OF THE
INVENTION

The present inventors have surprisingly found that the low
ratio 3+/4+ cerium oxide nanoparticles (CeO, NPs)
described herein are especially suitable for scavenging nitric
oxide radicals. By “low ratio” it is meant the percentage of
cerium in the 3+ state is lower than the percentage of cerium
in the 4+ state, and therefore a reduced number of oxygen
vacancies are present, as determined, for example, by x-ray
photoelectron spectroscopy (XPS). These NO scavenging
properties are particularly surprising in view of the super-
oxide scavenging properties of CeO,, which are conversely
correlated with an increased level of cerium in the 3+ state
(CeO, NPs with high 3+/4+ ratio, and therefore an increased
number of oxygen vacancies).

In accordance with one aspect, there is provided a method
for scavenging nitric oxide comprising contacting the nitric
oxide with ceria nanoparticles having a low 3+/4+ ratio (also
referred to as “low ratio cerium oxide nanoparticles” herein).
The method may be suitable for use in industrial environ-
ments to scavenge nitric oxide radicals, which may be
formed as a result of a process such as combustion, waste-
water treatment, etching processes, welding, or the like. In
other embodiments, the application may be for the detection
of nitric oxide, such as with the detection of nitric oxide
from the irradiation of nitrogen-based explosives with a
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suitable energy source. In still other embodiments, the
method may be utilized in vivo for the treatment or preven-
tion of disorders characterized by abnormal nitric oxide
production.

In accordance with yet another aspect, there is provided a
method for reducing an amount of nitric oxide within a nitric
oxide-containing fluid stream comprising contacting the
nitric oxide with a plurality of cerium oxide nanoparticles
having a low 3+/4+ ratio. In certain embodiments, the nitric
oxide-containing stream is a by-product of combustion of a
fuel in the presence of air. In other embodiments, the nitric
oxide-containing fluid stream may be from a wastewater
treatment process.

In accordance with another aspect, there is provided a
device for reducing an amount of nitric oxide within a nitric
oxide-containing fluid stream. The device comprises a hous-
ing and a quantity of cerium oxide nanoparticles having a
low 3+/4+ ratio disposed within the housing. An inlet is
provided in the housing, which is configured for receiving
the nitric-oxide containing fluid stream to be treated with the
low ratio cerium oxide nanoparticles. An outlet in the
housing is also provided for allowing release of a fluid
stream having a reduced amount of nitric oxide relative to
the nitric-oxide containing fluid stream after contact with the
low ratio cerium oxide nanoparticles.

In accordance with another aspect, there is provided a
method for detecting an amount of nitric oxide in a sample.
The method comprises contacting the sample with an effec-
tive amount of cerium oxide nanoparticles having a low
3+/4+ ratio. Thereafter, the method comprises detecting a
change in oxidation state of the cerium oxide nanoparticles,
the detection being indicative of the presence of nitric oxide
in the sample.

In accordance with yet another aspect, there is provided a
method for treating a condition associated with elevated
levels of nitric oxide. The method comprises administering
an effective amount of cerium oxide nanoparticles having a
low 3+4/4+ ratio to the subject to reduce an amount of nitric
oxide in the subject.

In accordance with still another aspect, there is provided
a method for treating a subject with elevated levels of
peroxynitrite formed from reaction of nitric oxide and
superoxide molecules. The method comprises administering
an effective amount of cerium oxide nanoparticles having a
low 3+/4+ ratio to the subject to scavenge a quantity of nitric
oxide molecules in the subject, thereby preventing produc-
tion of peroxynitrite in the subject.

In accordance with still another aspect, there is provided
a pharmaceutical composition for scavenging nitric oxide in
a subject comprising an effective amount of cerium oxide
nanoparticles having a low 3+/4+ ratio and a pharmaceuti-
cally acceptable carrier.

In accordance with still another aspect, there is provided
a method of reducing brain inflammation in a patient com-
prising administering a therapeutically effective amount of
cerium oxide nanoparticles having a low 3+/4+ ratio to the
patient. The cerium oxide nanoparticles are effective to
reduce nitrite oxide levels in the brain, thereby reducing
peroxynitrite levels in the brain.

1.1 Definitions

It is important to an understanding of the present inven-
tion to note that all technical and scientific terms used
herein, unless defined herein, are intended to have the same
meaning as commonly understood by one of ordinary skill
in the art. The techniques employed herein are also those that
are known to one of ordinary skill in the art, unless stated
otherwise. Prior to setting forth the invention in detail and
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for purposes of more clearly facilitating an understanding
the invention as disclosed and claimed herein, the following
definitions are provided.

As used herein, the use of the word “a” or “an” when used
in conjunction with the term “comprising” in the claims
and/or the specification may mean “one,” but it is also
consistent with the meaning of “one or more,” “at least one,”
and “one or more than one.”

As used herein, the terms “about” and “approximately” as
used herein refers to values that are +10% of the stated
value.

As used herein, the terms “administering,” “administra-
tion,” or the like includes any route of introducing or
delivering to a subject a composition (e.g., pharmaceutical
composition or wound dressing) to perform its intended
function. The administering or administration can be carried
out by any suitable route, including topically, orally, intra-
nasally, parenterally (intravenously, intramuscularly, intrap-
eritoneally, or subcutaneously), rectally, or topically. Admin-
istering or administration includes self-administration and
the administration by another.

As used herein, the term “cardiovascular disease” refers
any abnormal condition characterized by dysfunction of the
heart and blood vessels. Cardiovascular disease includes but
is not limited to atherosclerosis, cerebrovascular disease,
and hypertension.

As used herein, the term “condition” includes any disease,
disorder, medical condition or other abnormal physical state,
including those associated with, related to or involving nitric
oxide directly or indirectly in the transmission, presence,
and/or progression of the disorder. Such disorders are said to
be “related to,” “associated with,” or mediated (at least in
part) by nitric oxide activity.

As used herein, by the term “effective amount” “amount
effective,” or the like, it is meant an amount effective at
dosages and for periods of time necessary to achieve the
desired result.

As used herein, the term “fluid” refers to a continuous,
amorphous material whose molecules move freely past one
another. The fluid typically assumes the shape of its con-
tainer as is the case when the fluid is a gas, liquefied gas,
liquid, or liquid under pressure. In one embodiment, the fluid
is a gaseous nitric oxide containing stream. In another
embodiment, the fluid is a liquid nitric oxide-containing
stream.

As used herein, the term “inflammatory disease” refers to
any condition with presentation of inflammatory symptoms,
including infectious diseases, allergy diseases, and autoim-
mune diseases, for example. In one embodiment, the inflam-
matory disease is an inflammatory autoimmune disease.

As used herein, the term “muscular disease” refers to any
condition in which muscle fibers do not function properly,
thereby resulting in muscular weakness or decreased mus-
cular function.

As used herein, “neurodegenerative disease” or the like
refers to any disorder characterized by gradually progres-
sive, selective loss of anatomically or physiologically
related neuronal systems. Exemplary disorders include
Alzheimer’s disease (AD), Parkinson’s disease (PD), amyo-
trophic lateral sclerosis (ALS), and Huntington’s disease
(HD).

As used herein, the terms “pharmaceutically acceptable
carrier” or “physiologically acceptable carrier” as used
herein refer to one or more formulation materials suitable for
accomplishing or enhancing the successful delivery of the
pharmaceutical composition prepared and delivered accord-
ing to aspects of the invention.

2 <
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As used herein, the term “sepsis™ refers to the systemic
inflammatory response associated with infection.

As used herein, the term “septic shock” refers to a shock
state resulting from an infection in a subject, including a
bacterial infection.

As used herein, the term “subject” refers to any animal
(e.g., a mammal), including, but not limited to, humans,
which may be the recipient of a treatment.

As used herein, the terms “treating” or “treatment” or
“alleviation” refers to both therapeutic treatment and pro-
phylactic or preventative measures, wherein the objective is
to reduce an amount of nitric oxide relative to an amount of
nitric oxide without administering an effective amount of
cerium oxide nanoparticles.

1.2 Ceria Nanoparticles

The cerium oxide provided in the compositions and
methods described herein comprise a low 3+/4+ cerium
oxide ratio. In one embodiment, the low ratio cerium oxide
comprises from less than 50% Ce>* molecules versus Ce**
molecules. In a particular embodiment, the surface of the
biocompatible material comprises 20% or less Ce®* mol-
ecules versus Ce*™ molecules.

In accordance with one aspect, the cerium oxide nano-
particles have an average particle size (e.g., diameter) of <20
nm, preferably in the range from 1 to 10 nm, and more
preferably from 1 to 5 nm. The inventors have found that an
average cerium oxide nanoparticle size in the range <20 nm
provides an increased percentage of +3 valence states (rela-
tive to the generally more numerous +4 states) on the
nanoparticle’s surface. The increasing percentage of +3
valence states is believed to increase as the cerium oxide
nanoparticle size decreases in this size range. Accordingly,
in one embodiment, the ratio of cerium oxide in the 3+
valence state vs. the 4+ valence state may be controlled by
maintaining a predetermined size ratio of the synthesized
nanoparticles.

Exemplary cerium oxide nanoparticles and methods of
synthesis thereof that may be used in the present invention
include, but are not limited to, those described in U.S. Pat.
No. 7,504,356 and Karakoti A S, Monteiro-Riviere N A,
Aggarwal R, Davis ] P, Narayan R I, Self W T, McGinnis J,
Seal S (2008) Nanoceria as antioxidant: Synthesis and
biomedical applications. JOM 60: 33-37°2, the entirety of
each of which is expressly incorporated by reference herein.
1.3 Industrial Applications

The low ratio cerium oxide nanoparticles may be utilized
in any application where the removal of nitric oxide from a
sample, e.g., a fluid stream, is desired. Advantageously,
cerium oxide can reduce nitric oxide and take the oxygen to
form its ceric oxide state. In one aspect, the methods
described herein may include contacting a nitric-oxide con-
taining gas stream with cerium oxide nanoparticles having a
low 3+4/4+ ratio, wherein the nitric oxide-containing gas
stream is an exhaust gas stream from a combustion process.
Nitric oxide is produced a by-product of combustion of a
fuel-air mixture or of fuel in air, and thus may be found in
the exhaust gas from automobile or turbine engines. The fuel
may be any fuel, such as a hydrocarbon source or natural gas
source. Nitric oxide also rapidly oxidizes in air, especially at
higher temperatures, to form nitrogen (nitrous) dioxide
(NO,), which is a brown toxic gas and a major air pollutant.
The cerium oxide nanoparticles will scavenge the nitric
oxide molecules before they oxidize into nitrous dioxide. In
addition, it is contemplated that cerium oxide may convert
harmful carbon monoxide to the less harmful carbon diox-
ide.
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In accordance with another aspect, the methods described
herein may include contacting a nitric-oxide containing gas
stream with cerium oxide nanoparticles having a low 3+/4+
ratio, wherein the nitric oxide-containing gas stream is a
stream from a wastewater treatment process. Wastewater is
routinely treated with suitable processes to remove soluble
organic matter, suspended solids, pathogenic organisms, and
chemical contaminants. In many processes, wastewaster
undergoes a nitrification process where ammonia or organic
nitrogen is converted to nitrites and nitrates. Thereafter, the
wastewater undergoes denitrification, wherein nitrates and/
or nitrites are further reduced to nitrogen gas. In either case,
the nitrification or denitrication processes may involve the
intermediate production of nitric oxide (NO). In the nitrifi-
cation process, for example, ammonia-oxidizing bacteria
may be responsible for NO generation.®* >*

In accordance with another aspect, the nitric oxide-con-
taining gas stream may be any other nitric-oxide containing
gas stream. Without limitation, the nitric oxide-containing
stream may be one produced by contact of nitric acid with
organic material such as wood, sawdust, or waste; heating of
nitric acid; burning of nitro compounds, contacting of nitric
acid on metals, such as in metal etching and pickling. In
addition, the nitric oxide-containing stream may be pro-
duced by high temperature welding process using an oxy-
acetylene or electric torch, for example, wherein the nitro-
gen and oxygen in the air combine to form oxides of
nitrogen, such as nitric oxide.

1.4 Detection of Nitric Oxide

The methods for removing nitric oxide form a nitric
oxide-containing fluid stream may further comprise a detect-
ing step such that particles may be used as a detector of nitric
oxide in a sample. Thus, in accordance with another aspect,
there is provided a method for detecting an amount of nitric
oxide in a sample. The method comprises contacting the
sample with an effective amount of low ratio cerium oxide
nanoparticles. Thereafter, the method comprises detecting a
change in oxidation state of the cerium oxide nanoparticles,
the detection being indicative of the presence of nitric oxide
in the sample.

Suitable methods and instrumentation for detecting the
change in oxidation state of the low ratio cerium oxide
nanoparticles are well-known in the art. Exemplary methods
include but are not limited to the use of electrodes, chemi-
luminescence, and fluorescence as are known in the art, and
corresponding instrumentation. In another embodiment,
XPS, x-ray photoelectron spectroscopy (Surface Science
563 (2004) 74-82) is used. Exemplary electrochemical sen-
sors within which the low ratio cerium oxide nanoparticles
may be incorporated as are described in U.S. Published
Patent Application No. 20090071848, the entirety of which
is hereby incorporated by reference herein.

The cerium oxide nanoparticles may be utilized for the
sensing or detection of nitric oxide from any suitable
sample. Without limitation, in one embodiment, the cerium
oxide nanoparticles may be utilized in the detection of
nitrogen-based explosive materials, such as trinitrotoluene
(INT), -cyclotrimethylenetrinitramine (RDX), pentrite
(PETN), and ammonium nitrate/fuel oil (e.g., ANFO). As set
forth in U.S. Published Patent Application No.
20120145925, nitric oxide (NO) is a characteristic photot-
ragment of nitro-based explosive materials when the explo-
sive material is irradiated with ultraviolet (UV) light. Thus,
nitro-based explosives may be irradiated with UV light or
another energy source, the resulting ambient air sample may
be collected by suitable methods, and contacted with the low
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ratio cerium oxide nanoparticles. Thereafter, the change in
oxidation state of the cerium oxide nanoparticles may be
detected.

1.5 Configurations

The low ratio cerium oxide nanoparticles may be disposed
in any suitable form or configuration for use in the methods
described herein. In one embodiment, the low ratio cerium
oxide nanoparticles may be disposed within a device com-
prising a housing sized and suitable for the associated
application. Typically, the housing is formed from an inert
material so as to not interfere with the removal of nitric
oxide from a nitric oxide-containing stream flowing through
the housing. Within the housing, the low ratio cerium oxide
nanoparticles may optionally be combined with catalysts,
supports, binders, carriers, promoters or other materials
suitable for the application as would be appreciated by one
skilled in the art. Typically, the housing will have an inlet for
receiving a nitric-oxide containing fluid stream to be treated
with the low ratio cerium oxide nanoparticles. An outlet in
the housing is also provided for allowing release of a fluid
stream having a reduced amount of nitric oxide relative to
the nitric-oxide containing fluid stream after contact with the
low ratio cerium oxide nanoparticles to the environment or
to a next process step.

When utilized to treat exhaust gas from combustion, the
cerium oxide nanoparticles may be disposed in a geometric
form that allows for high NOx reduction efficiency along
with a minimal pressure drop. A monolithic form and the use
of a monolith as a catalyst carrier are well known to one
skilled in the art. A monolith consists of a series of straight,
non-interconnecting channels. Onto the walls of the mono-
lith are coated a thin layer of a catalyst-containing material,
termed “washcoat” by the trade. It is within the pores of the
washcoat that the cerium oxide nanoparticles, and any
catalyst(s), binders, and promoters that may be added are
located. The catalyst may be any suitable catalyst for reduc-
ing NOx, including nitric oxide, such as a platinum group
metal. Exemplary systems into which the cerium oxide
nanoparticles may be incorporated are set forth in U.S. Pat.
Nos. 5,399,324, 5,532,198, and 7,744,840, the entirety of
which are each incorporated by reference herein.

1.6 Pharmaceutical Applications

The compositions and methods described herein may also
be utilized in the treatment or prevention of any condition
associated with elevated levels of nitric oxide. Nitric oxide
is now believed to be associated with a variety of physi-
ological processes since being identified as a novel signal
molecule. For one, nitric oxide transmits signals from vas-
cular endothelial cells to vascular smooth muscle cells and
causes vascular dilation. In addition, nitric oxide also is
associated with other vital physiological functions in the
respiratory, immune, neuromuscular systems. In the nervous
system, NO works as an atypical neural modulator that is
involved in neurotransmitter release, neuronal excitability,
learning and memory. Besides its role in physiologic pro-
cesses, nitric oxide also participates in pathogenic pathways
underlying a large group of disorders including muscle
diseases, such as muscular dystrophy or inflammatory
muscle disease; inflammatory bowel disease; sepsis and
septic shock; primary headaches, cardiovascular-related
conditions, such as reperfusion injury, atherosclerosis, cere-
brovascular disease, hypertension, and stroke.”> Addition-
ally, increasing evidence shows that nitric oxide modulates
neurotoxin induced cell damage and is involved in neuronal
cell death in Parkinson’s disease (PD) and other neurode-
generative disorders, such as Alzheimer’s disease, Parkin-
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son’s disease, Amyotrophic lateral sclerosis, Friedreich’s
ataxia, Huntington’s disease, or Lewy body disease.?* %

Elevated nitric oxide synthesis has been associated with
nonspecific immune-mediated cellular cytotoxicity and the
pathogenesis of chronic, inflammatory diseases, such as
inflammatory autoimmune diseases including rheumatoid
arthritis, insulin-dependent diabetes, inflammatory bowel
disease, and multiple sclerosis.>” The role of nitric oxide
may be directly related to the disease or indirectly related by
its involvement in a pathway, such as by the formation of
peroxynitrite by interaction of nitric oxide with the super-
oxide radical.?®

Thus, in accordance with one aspect, the compositions
described herein may be administered to a subject having or
identified as being at risk of developing a muscular disease,
inflammatory bowel disease; sepsis; septic shock; primary
headaches, an inflammatory disease, a cardiovascular-re-
lated condition; and/or a neurodegenerative disorder.

Identification of the individual having or being at risk of
developing one or more of the above disorders may be
performed by any suitable methods known in the art. For
example, a subject at risk of developing a neurodegenerative
disease can be identified by detecting or observing a number
of different signs and symptoms in the subject. Some of
those signs and symptoms include amyloid plaques in the
brain, and/or neurofibrillary tangles (NFTs) in the brain.

In the case of Alzheimer’s disease, eight cognitive
domains are most commonly impaired, including memory,
language, perceptual skills, attention, constructive abilities,
orientation, problem solving and functional abilities (Ameri-
can Psychiatric Association (2000). Diagnostic and statisti-
cal manual of mental disorders: DSM-IV-TR (4th Edition
Text Revision ed.). Washington, D.C.: American Psychiatric
Association).

Also, a decrease in activity in the temporal lobe is
observed in AD development, such as through the use of
known imaging techniques such as PET scan or MRI. Thus,
according to one embodiment, a patient at risk would be an
individual who has impairment in cognition and/or
decreased activity in the temporal lobe. When available as a
diagnostic tool, single photon emission computed tomogra-
phy (SPECT) and positron emission tomography (PET)
neuroimaging are used to confirm a diagnosis of Alzheim-
er’s in conjunction with evaluations involving mental status
examination.?® In a person already having dementia, SPECT
appears to be superior in differentiating Alzheimer’s disease
from other possible causes, compared with the usual
attempts employing mental testing and medical history
analysis.>® Advances have led to the proposal of new diag-
nostic criteria.

A new technique known as PiB PET has been developed
for directly and clearly imaging beta-amyloid deposits in
vivo using a tracer that binds selectively to the A-beta
deposits. The PiB-PET compound uses carbon-11 PET scan-
ning. Recent studies suggest that PiB-PET is 86% accurate
in predicting which people with mild cognitive impairment
will develop Alzheimer’s disease within two years, and 92%
accurate in ruling out the likelihood of developing Alzheim-
er’s. A similar PET scanning radiopharmaceutical com-
pound called (E)-4-(2-(6-(2-(2-(2-([ **F]-fluoroethoxy)
ethoxy )ethoxy)pyridin-3-yl)vinyl)-N-methyl benzenamine,
or *®F AV-45, or florbetapir-fluorine-18, or simply florbeta-
pir, contains the longer-lasting radionuclide fluorine-18, has
recently been created, and tested as a possible diagnostic
tool in Alzheimer’s patients. Florbetapir, like PiB, binds to
beta-amyloid, but due to its use of fluorine-18 has a half-life
of 110 minutes, in contrast to PiB’s radioactive half life of
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20 minutes. Wong et al. found that the longer life allowed the
tracer to accumulate significantly more in the brains of the
AD patients, particularly in the regions known to be asso-
ciated with beta-amyloid deposits. Thus, in specific embodi-
ment, a patient at risk is one that has increased Af deposits.

Volumetric MRI can detect changes in the size of brain
regions. Measuring those regions that atrophy during the
progress of Alzheimer’s disease is showing promise as a
diagnostic indicator. Thus, according to another specific
embodiment, an at-risk patient is one that has an atrophic
brain region.

Another recent objective marker of the disease is the
analysis of cerebrospinal fluid for amyloid beta or tau
proteins, both total tau protein and phosphorylated taul81P
protein concentrations. Searching for these proteins using a
spinal tap can predict the onset of Alzheimer’s with a
sensitivity of between 94% and 100%. Thus, according to
another specific embodiment, a patient at risk is one that has
elevated levels of tau and/or amyloid beta proteins in
cerebral spinal fluid. When used in conjunction with existing
neuroimaging, doctors can identify patients with significant
memory loss who are already developing the disease.*
Spinal fluid tests are commercially available, unlike the
latest neuroimaging technology. Alzheimer’s was diagnosed
in one-third of the people who did not have any symptoms
in a 2010 study, meaning that disease progression occurs
well before symptoms occur. Changes in brain ventricle size
may be measured by magnetic resonance imaging (MRI).
This measurement provides, in another embodiment, the
ability to diagnose pre-Alzheimer’s disease or early stages
of the disease in some cases. While neuro-cognitive assess-
ments including the testing of memory, ability to problem
solve, count, and other cognitive tests provides a diagnosis
for Alzheimer’s disease, a definitive diagnosis is not pos-
sible in the prior art until after death when an autopsy can be
used to reveal the presence of amyloid plaques and tangles
in brain tissue. Improvements have been made such that an
earlier diagnosis may be made by identifying an increase in
ventricle size in the brain associated with mild cognitive
impairment in patients at risk for Alzheimer’s disease or in
the early stages of the disease. Therefore, according to a
specific embodiment, a patient is at risk for a neurodegen-
erative disease, particularly AD, if the patient exhibits one or
more of the foregoing factors or symptoms. In another
specific embodiment, a patient at risk exhibits two or more
of the aforementioned factors or symptoms.

In the case of Parkinson’s disease (PD), a pattern of
reduced dopaminergic activity in the basal ganglia can aid in
diagnosis. Thus, in another specific embodiment, a patient at
risk is one that has reduced dopaminergic activity in the
basal ganglia. Also, Parkinson’s disease affects movement,
producing motor symptoms, such as Parkinsonian gait,
tremors, rigidity, slowness of movement and postural insta-
bility. Non-motor symptoms, which include autonomic dys-
function, neuropsychiatric problems (mood, cognition,
behavior or thought alterations), and sensory and sleep
difficulties, are also common. Thus, according to another
specific embodiment, a patient at risk is one that exhibits one
or more motor or non-motor PD symptoms. In an even more
specific embodiment, a patient at risk is one that has two or
more of the foregoing factors or symptoms.

In a further aspect, a method of reducing brain inflam-
mation in a subject is provided. The method includes admin-
istering a therapeutically effective amount of cerium oxide
nanoparticles having a low 3+/4+ ratio to the subject, the

10

15

20

25

30

35

40

45

50

55

60

65

10

cerium oxide nanoparticles effective to reduce nitrite oxide
levels in the brain, thereby reducing peroxynitrite levels in
the brain.

1.7 Pharmaceutical Compositions

Aspects of the present invention also provide pharmaceu-
tical compositions comprising the cerium oxide nanopar-
ticles described herein. The pharmaceutical compositions
can be administered to a patient to achieve a desired thera-
peutic effect. The compositions can be administered alone or
in combination with at least one other agent, such as a
stabilizing compound, which can be administered in any
sterile, biocompatible pharmaceutical carrier, including, but
not limited to, saline, buffered saline, dextrose, and water.
The compositions can be administered to a subject alone, or
in combination with other therapeutic agents or treatments
as described below.

In addition to the active ingredients, these pharmaceutical
compositions can contain suitable pharmaceutically accept-
able carriers comprising excipients and auxiliaries that
facilitate processing of the active compounds into prepara-
tions which can be used pharmaceutically. Pharmaceutical
compositions of the invention can be administered by any
number of routes including, but not limited to, oral, intra-
venous, intramuscular, intra-arterial, intramedullary, intrath-
ecal, intraventricular, transdermal, subcutaneous, intraperi-
toneal, intranasal, parenteral, topical, sublingual, or rectal
means. Pharmaceutical compositions for oral administration
can be formulated using pharmaceutically acceptable carri-
ers well known in the art in dosages suitable for oral
administration. Such carriers enable the pharmaceutical
compositions to be formulated as tablets, pills, dragees,
capsules, liquids, gels, syrups, slurries, suspensions, and the
like, for ingestion by the subject.

Further details on techniques for formulation and admin-
istration can be found in the latest edition of REMING-
TON’S PHARMACEUTICAL SCIENCES (Mack Publish-
ing Co., Easton, Pa., which is incorporated herein by
reference). After pharmaceutical compositions have been
prepared, they can be placed in an appropriate container and
labeled for treatment of an indicated condition. Such label-
ing would include amount, frequency, and method of admin-
istration.

1.8 Determination of a Therapeutically Effective Dose

The determination of a therapeutically effective dose for
any one or more of the compounds described herein is within
the capability of those skilled in the art. A therapeutically
effective dose refers to that amount of active ingredient
which provides the desired result. The exact dosage will be
determined by the practitioner, in light of factors related to
the subject that requires treatment. Dosage and administra-
tion are adjusted to provide sufficient levels of the active
ingredient or to maintain the desired effect. Factors which
can be taken into account include the severity of the disease
state, general health of the subject, age, weight, and gender
of the subject, diet, time and frequency of administration,
drug combination(s), reaction sensitivities, and tolerance/
response to therapy. Long-acting pharmaceutical composi-
tions can be administered every 3 to 4 days, every week, or
once every two weeks depending on the half-life and clear-
ance rate of the particular formulation.

Normal dosage amounts can vary from 0.1 to 100,000
micrograms, up to a total dose of about 1 g, depending upon
the route of administration. Guidance as to particular dos-
ages and methods of delivery is provided in the literature and
generally available to practitioners in the art. Preferably, a
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therapeutic agent gains access to the parasite or the infected
red blood cell for the duration of time necessary for its
normal action.

1.9 Conjunctive Therapeutic Agents

In any of the embodiments described above, any of the
compounds and/or compositions of the invention can be
co-administered with other appropriate therapeutic agents
(conjunctive agent or conjunctive therapeutic agent) or
therapies for the treatment or prevention of a disorder or
condition associated with elevated nitric oxide levels and/or
symptom(s) thereof. For example, the conjunctive agent
may be any known therapeutic, treatment or therapy known
for the treatment of a muscular disease, inflammatory bowel
disease; sepsis; septic shock; primary headaches, an inflam-
matory disease, a cardiovascular-related condition; and/or a
neurodegenerative disorder.

Selection of the appropriate conjunctive agents or thera-
pies for use in combination therapy can be made by one of
ordinary skill in the art, according to conventional pharma-
ceutical principles. The combination of therapeutic agents or
therapies can act synergistically to effect the treatment or
prevention of the diseases or a symptom thereof. Using this
approach, one may be able to achieve therapeutic efficacy
with lower dosages of each agent, thus reducing the potential
for adverse side effects.

In certain embodiments, the conjunctive agent may
include one or more additional nitric oxide scavengers,
including but not limited to Carboxy-PTIO; DTCS; Hemo-
globin, Bovine Erythrocytes; N-methyl-D-glucamine dith-
iocarbamate-Fe** (MGD-Fe); and (+)-Rutin Hydrate.

In another embodiment, the conjunctive agent comprises
a compound that is a scavenger of superoxide radical and/or
peroxynitrite and/or a compound that inhibits the production
thereof in vivo. For example, the conjunctive agent may
comprise cerium oxide nanoparticles alternatively having a
high 3+/4+ ratio, which will preferentially scavenge per-
oxynitrite.

In still another embodiment, the conjunctive may com-
prise a therapeutic agent or therapy effective in the treatment
of any condition described herein associated with elevated
levels of nitric oxide, superoxide or peroxynitrite.

The mode of administration for a conjunctive formulation
in accordance with the present invention is not particularly
limited, provided that the compounds of the present inven-
tion as described herein (low 3+/4+ ratio cerium oxide
nanoparticles) and the conjunctive agent are combined upon
administration. Such an administration mode may, for
example, be (1) an administration of a single formulation
obtained by formulating low 3+4/4+ ratio cerium oxide
nanoparticles and a conjunctive agent simultaneously; (2) a
simultaneous administration via an identical route of the two
agents obtained by formulating low 3+/4+ ratio cerium
oxide nanoparticles and a conjunctive agent separately; (3)
a sequential and intermittent administration via an identical
route of the two agents obtained by formulating low 3+/4+
ratio cerium oxide nanoparticles and a conjunctive agent
separately; (4) a simultaneous administration via different
routes of two formulations obtained by formulating low
3+/4+ ratio cerium oxide nanoparticles and a conjunctive
agent separately; and/or (5) a sequential and intermittent
administration via different routes of two formulations
obtained by formulating low 3+4/4+ ratio cerium oxide
nanoparticles and a conjunctive agent separately (for
example, low 3+/4+ ratio cerium oxide nanoparticles fol-
lowed by a conjunctive agent, or inverse order) and the like.

The dose of a conjunctive formulation may vary depend-
ing on the formulation of the low 3+/4+ ratio cerium oxide
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nanoparticles and/or the conjunctive agent, the subject’s age,
body weight, condition, and the dosage form as well as
administration mode and duration. One skilled in the art
would readily appreciate that the dose may vary depending
on various factors as described above, and a less amount
may sometimes be sufficient and an excessive amount
should sometimes be required.

The conjunctive agent may be employed in any amount
within the range causing no problematic side effects. The
daily dose of a conjunctive agent is not limited particularly
and may vary depending on the severity of the disease, the
subject’s age, sex, body weight and susceptibility as well as
time and interval of the administration and the characteris-
tics, preparation, type and active ingredient of the pharma-
ceutical formulation. An exemplary daily oral dose per kg
body weight in a subject, e.g., a mammal, is about 0.001 to
2000 mg, preferably about 0.01 to 500 mg, more preferably
about 0.1 to about 100 mg as medicaments, which is given
usually in 1 to 4 portions.

When the low 3+/4+ ratio cerium oxide nanoparticles and
a conjunctive agent are administered to a subject, the agents
may be administered at the same time, but it is also possible
that a conjunctive agent is first administered and then low
3+/4+ ratio cerium oxide nanoparticles are administered, or
that low 3+/4+ ratio cerium oxide nanoparticles are first
administered and then a conjunctive agent is administered.
When such an intermittent administration is employed, the
time interval may vary depending on the active ingredient
administered, the dosage form and the administration mode,
and for example, when a conjunctive agent is first admin-
istered, the low 3+/4+ ratio cerium oxide nanoparticles may
be administered within 1 minute to 3 days, preferably 10
minutes to 1 day, more preferably 15 minutes to 1 hour after
the administration of the conjunctive agent. When the low
3+/4+ ratio cerium oxide nanoparticles are first adminis-
tered, for example, then a conjunctive agent may be admin-
istered within 1 minute to 1 day, preferably 10 minutes to 6
hours, more preferably 15 minutes to 1 hour after the
administration of the low 3+/4+ ratio cerium oxide nano-
particles. It is also contemplated that more than one con-
junctive agent may be administered to the subject if desired.

The following examples are provided as an aid in exam-
ining particular aspects of the invention, and represent only
certain embodiments and explanations of embodiments. The
examples are in no way meant to be limiting of the invention
scope. The materials and methods provided below are those
which were used in performing the examples that follow.

1.10 Nanoparticle Synthesis and Characterization

The cerium oxide nanoparticles were synthesized by wet
chemical process as previously described.>*> Chemicals for
CeO, nanoparticle synthesis, Ce(NO,);, H,0,, were
obtained from Sigma-Aldrich (St. Louis, Mo.). SiO, nano-
particles were purchased from Corpuscular Inc. (Cold
Spring, N.Y.). The surface chemistry of the cerium oxide
nanoparticles was studied using a Physical Electronics (5400
PHI ESCA) spectrometer with a monochromatic Al Ka
X-ray source operated at 300 W and base pressure of 1x107°
Torr. The binding energy of the Au (417/2) at 84.0+£0.1 eV
was used to calibrate the binding energy scale of the
spectrometer.

1.11 Assay for Nitric Oxide

A ferrous hemoglobin assay was adapted from Murphy &
Noack?! in which ferrous hemoglobin (Hb) (Sigma-Aldrich)
and *NO react to form oxidized ferric hemoglobin. S-ni-
troso-N-acetylpenicillamine (SNAP) (Molecular Probes),
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was used to generate *NO. Briefly, 200 uM of SNAP was
added to 25 mg/mlL ferrous Hb in the presence or absence of
nanoparticles or the spin-trap DEPMPO (Enzo Life Sci-
ences) in 100 mM phosphate buffer (pH 7.0). The oxidation
of Hb was monitored using a Hewlett-Packard 8453 diode
array spectrophotometer. Changes to spectra at wavelengths
of' 411 nm (isosbestic point) and 421 nm were followed. The
change in absorbance per unit time was measured for 10 min
at 30 s intervals. The concentration of *NO reacting with Hb
was obtained by the difference in absorbance between
401-421 nm using an extinction coefficient of 77 mM™*
Cm—l.2l

1.12 Surface Chemistry Alteration by Phosphate Icons

Phosphate buffer was prepared by dissolving monoso-
dium phosphate (13.8 g/IL) and its conjugate base, disodium
phosphate (14.1 g/L), in 1 L. of water to give a 0.1 M
solution, and the pH was adjusted by titration with 1 M HC1
to reach a pH value of 7.4. Water dispersed CeO, NPs with
higher levels of oxygen vacancies at their surface (200 uM)
were suspended in equimolar phosphate buffer (pH 7.4) for
24 h at room temperature. The UV-visible spectra were
recorded to determine surface chemistry of cerium using a
UV-viable Hewlett-Packard 8453 diode array spectropho-
tometer in a 1.0 cm path length quartz cuvette.

1.13 *NO Detection Using Copper-Fluorescein Method

To measure *NO by an alternate method, we
followed *NO levels using a copper-fluorescein (Cu-FL)
probe as previously described.?® In these experiments, 100
UM of the *NO generator, diethylamine nonoate diethylam-
monium salt (DEA/NO) (Sigma) was added to CuFL probe
(1 uM) (Strum Chemicals, Newburyport, Mass.). Fluores-
cence was followed at an emission wavelength of 530 nm
using an excitation wavelength of 503 nm in 50 mM sodium
phosphate buffer, pH 7.0, containing 20 uM DPTA using a
Varian Cary Eclipse fluorescence spectrophotometer (Palo
Alto, Calif.) for 20 min at room temperature. Assays were
carried out in the presence or absence of CeO, NP, SiO,
nanoparticles or glutathione (Fisher Scientific, Pittsburg,
Pa.).

1.14 Transmission Electron Microscopy (TEM)

CeO, nanoparticle morphology was characterized using
high-resolution transmission electron microscopy (HR-
TEM). The CeO, nanoparticle preparations were deposited
on carbon-coated copper grid (SPI supplies) for HRTEM
analysis. HRTEM micrographs were obtained using FEI
Tecnai F30 operated at 300 keV.

1.15 X-Ray Photoelectron Spectroscopy (XPS)

The CeO, nanoparticle were transferred onto silicon
wafers (Kmbh Associates CZ Silicon, thickness of wafer:
350 um) and air dried. The surface chemistry of the nano-
particles were studied using a Physical Electronics (5400
PHI ESCA) spectrometer with a monochromatic Ko X-ray
source operated at 300 W and base pressure of 1x10~° Torr.
The binding energy of the Au (417/2) at 84.0+£0.1 eV was
used to calibrate the binding energy scale of the spectrom-
eter.

1.16 Zeta Potential (Zp) and Particle Size Measurement

Water dispersed CeO, NPs with different 3+/4+ ratios
were suspended in buffers according to the various condi-
tions used in these studies and ZP and particle size mea-
sured. For surface chemistry alteration experiments, NPs
were incubated for 24 h followed by ZP and particle size
measurements using Zeta sizer (Nano-ZS) from Malvern
Instruments.

1.17 Results

To determine the reactivity of CeO, NPs with *NO under

biologically relevant conditions, water-based CEO2 NPs

14

with different 3+/4+ ratios were synthesized and character-
ized as set forth in Table 1 below.

TABLE 1

Physiochemical properties of CeO, Nanoparticles

3+ 4+
Size (nm) 5-8 3-8
10 Zeta Potential - as synthesized (H,O)(mV) 15.1 49.2
Zeta Potential - Hb assay buffer (mV) -14.4 -21.7
Zeta Potential - CuFL assay buffer (mV) -14.1 -20.5
XPS - Ce3+ (%) 753 205
s The reaction between *NO and the oxygenated, ferrous

form of Hb can be used as a sensitive means to measure

dissolved *NO. S-nitroso-N-acetylpenicillamine (SNAP)

was used to generate *NO and we followed the conversion

of the ferrous form of Hb to the ferric form of Hb by *NO.'2
59 Addition of CeO, nanoparticles with high 3+/4+ ratio (75%
3+) had no effect on *NO’s ability to oxidize Hb suggesting
no interaction with these nanoparticles. However, the addi-
tion of CeO, nanoparticles with low 3+/4+ ratio (20% 3+,
Table 1) inhibited the ability of *NO to oxidize Hb in a dose
dependent manner (FIG. 1B). This pattern was similar to that
observed with the known *NO scavenger DEPMPO (FIG.
1B). This result suggests that CeO, NPs with low 3+/4+ ratio
prevent *NO from oxidizing Hb.

To elucidate the scavenging efficiency of CeO, nanopar-
30 ticles, we additionally determined the amount of
dissolved *NO in the presence and absence of CeO, nano-
particles or DEPMPO translating the data obtained from Hb
assay experiments. The concentration of *NO was obtained
by difference in absorbance 401-421 nm using an extinction
coeflicient of 77 mM-1cm™'? (FIG. 4). We observed con-
centration-dependent decreases in *NO in the presence of
varying levels of Ce3+/Ce4+ ratio and were able to calculate
the rates of radical formation in the presence or absence of
the catalyst (Table 2 below).

25

35

40
TABLE 2
Changes in *NO levels in the presence of CeO, Nanoparticles
Nanoparticle(NP)  NO Production Rate®
45 Reaction Conditions concentration (um) (pmol min~! = SD)
SNAP (200 uM) control 0 51.6 = 4.4
SNAP + CeO, (flow 3+/4+) 50 42.1 £ 5.7
100 258 £ 5.7
250 14.3 £33
50 250 52529
200 39759

“Rates are pmol’1 and were calculated by determining the rate of change in absorbance per
unit time, based on molar extinction coefficient of conversion of HbO, to metHb in the

presence of *NO (401-421 nm)(Delta€ =77 mM~! cm™. SD = standard deviation.

In order to corroborate the data obtained from the Hb
assay, we used an alternate detection method to determine
CeO, nanoparticles ability to react with *NO. A derivatized
copper fluorescein conjugate (Cu-FL) has been shown to be
a specific detector of *NO production’? though not as sen-
60 sitive as Hb assay. Fluorescence emission at 530 nm was
followed upon addition of 100 pM of the nonoate DEA/NO,
another *NO donor, in the presence and absence of CeO,
NPs. The addition of CeO, nanoparticles with high 3+/4+
ratio had no effect on the ability of dissolved *NO to oxidize
the Cu-FL probe (FIG. 2A). When CeO, nanoparticles with
low 3+/4+ ratio were included, we observed that the nano-
particles prevented the oxidation of the Cu-FL probe and

55

o
o
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that the fluorescent signal was decreased in a dose dependent
manner (FIG. 2B). This reduction in fluorescent signal by
CeO, nanoparticles with low 3+/4+ ratio is similar in effi-
cacy as glutathione, a known *NO scavenger (FIG. 2C). By
contrast, silicon oxide (SiO,) control NPs of similar size,
were unable to prevent the *NO-mediated Cu-FL oxidation
(FIG. 2D) suggesting that the changes in dissolved *NO are
specific to CeO, nanoparticles with low 3+/4+ ratio. Col-
lectively, these data elucidate a previously unidentified cata-
Iytic property for CeO,.

Recently, it has been shown that incubation of CeO,
nanoparticles with phosphate ions can interconvert these
particles between the two catalyst (SOD or catalase
mimetic) states.'* To determine whether this property also
applies to *NO scavenging, we incubated CeO, nanopar-
ticles with phosphate and followed the presence of cerium
atoms in the 3+ state (FIG. 3). The absorbance peak between
230-260 (consistent with CeO, nanoparticles with higher
levels of oxygen vacancies) disappears after incubation with
phosphate (FIG. 3A) as previously described.'* After this
conversion, CeO, nanoparticles are now able to effectively
scavenge *NO (FIG. 3B and FIG. 5) indicating this surface
chemistry ‘switch’ also correlates with *NO scavenging.

In summary, the above examples establish that the *NO
scavenging capability of CeO, nanoparticles with low 3+/4+
ratio. *NO can be both electrophilic and nucleophilic in
nature.'” The nature of this heterogeneous catalysis is not yet
fully understood. Yet one could envision a mechanism by
which CeO, nanoparticles scavenge *NO through formation
of an electropositive nitrosyl ligand due to internal electron
transfer from *NO to a Ce4+ site:

Ce* 4+ NO—[Ce**"NO——Ce>**NO*|

This mechanism has been found in various synthetic ferric

porphyrin species'® and manganese complexes.'”
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It should be borne in mind that all patents, patent appli-
cations, patent publications, technical publications, scien-
tific publications, and other references referenced herein and
in the accompanying appendices are hereby incorporated by
reference in this application to the extent not inconsistent
with the teachings herein.

While various embodiments of the present invention have
been shown and described herein, it will be obvious that
such embodiments are provided by way of example only.
Numerous variations, changes and substitutions may be
made without departing from the invention herein. Accord-
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ingly, it is intended that the invention be limited only by the
spirit and scope of the appended claims.

The invention claimed is:

1. A method for scavenging nitric oxide comprising
contacting the nitric oxide with ceria nanoparticles compris-
ing cerium in the 3+ and 4+ state and a low 3+/4+ ratio with
decreased oxygen vacancies compared to ceria nanoparticles
with a seventy-five (75) % 3+/4+ ratio, said ratios measured
by x-ray photoelectron spectroscopy.

2. The method of claim 1, wherein the contacting is done
within an exhaust stream from a combustion process.

3. The method of claim 1, wherein the contacting is done
within a fluid stream following a wastewater treatment
process.

4. The method of claim 1, wherein the contacting is done
within a fluid following an etching or welding process.

5. The method of claim 1, wherein the low 3+/4+ ratio
comprises 20£5% 3+ cerium oxide nanoparticles.

6. The method of claim 1, wherein the contacting is done
in vivo.



